Jordan, a Middle Eastern country, is experiencing air pollution problems in several regions. Diesel-powered vehicles, industry, natural sources, and power-generating plants are potential sources of this pollution. This paper examines the impact of diesel on air quality in Jordan and gives suggestions to help improve air quality for the years to come. Selected hot spots representing commercial, residential, and industrial areas were investigated in this study. Key pollutants measured in commercial, residential, and industrial areas were higher than the permissible values in ambient air set by the National and WHO Air Quality. This study presents some insights on the situation and current trends in sulfur use. It also addresses the needs to reduce the amount of sulfur in diesel fuel. Solutions and measures were proposed to mitigate the effects of the high concentration of sulfur in diesel.
Introduction and Background

J
ORDAN IS A DEVELOPING LOW MIDDLE-INCOME COUNTRY, with a population of 5.7 million and annual growth rate of 2.3%, which has limited natural energy resources and fragile environment (DoS, 2006 ). Jordan's energy demand has been increased due to social and economic development. Jordan relies heavily on expensive, unreliable, and unsteady imported oil both crude and derivative for its energy needs. Imports of crude petroleum have increased to 5,678 thousand tons in 2005 compared to 4,442 thousand tons in 1999 (Dos, 2006) . Oil derivatives have been produced since 1961 by Jordan's Petroleum Refinery Company (JPRC) at Zarqa Governorate (JPRC, 2006) . The JPRC, is responsible for refining, storage, transportation, and distribution of oil.
Diesel, a petroleum-based fuel, is one of this output employed mainly for transportation industry, power generation, and to a lesser extent, for space heating and services (JPRC, 2006) . Diesel is a complex mixture of hydrocarbons and sulfur with average chemical formula of C 12 H 23 . Its emissions contain small carbonaceous particles and a large number of chemicals and sulfate, adsorbed or presented as vapor with bad odor in the form of metal sulfates, at a concentration of about 1-12% by weight, depending on the sulfur content of the fuel (Bagley et al., 2007) . JPRC produces diesel with sulfur content of 9,000 ppm. This level of sulfur is much higher than that produced by most other Middle Eastern countries (OAPEC Organization, 2005) . Jordan has not complied with 350 ppm specification of diesel-contained sulfur that mandated by Ministry of Environment in 2004. In 2006, the consumption of diesel in Jordan was 2,100,000 tons, with a 89% increase compared to 1999. This high rate demand of diesel fuel may due to the recent large increase in the numbers of diesel-powered vehicles, lower price than other fuels, notable market penetration of diesel-fueled gas turbines to assure electricity demand during peak-load, diesel fuel has 40% higher efficiency than gasoline-engine vehicles along with lower production of CO 2 and lower national energy bills (Jaber et al., 1997; Oak Ridge National Laboratory Review, 2000) . Therefore, diesel engines present an attractive major transporter for many applications despite their high emissions of sulfur dioxide (SO 2 ), nitrous oxides (NO x ), carbone monoxide (CO), O 3 , hydrocarbons (HCs), total suspended particulates (TSP), particulate matters (PM 10 ), and noise compared to gasoline engines (Abu-Qudais and Kittelson, 1997) . Emissions from high sulfur diesel fuel contribute to the deteriorating of air quality, which in turn, affects human health, damaging crops, forming acid rain, and lowering visibility in addition to its negative impact on the biodiversity and ecosystems (Oak Ridge National Laboratory Review, 2000) .
Sulfur dioxide is one of the most problematic components of the transportation sector that links to sulfur content. The SO 2 emissions from Jordan in 2000 was 121.3 thousands tons with a 60% increase compared to the emissions in year 1990 (World Resources Institute, 2006) . Jordan was in rank number 7 among 21 Middle Eastern and North African countries.
Jordan's transportation and industry sectors are the largest consumer of petroleum derived energy. In 2006, both sectors consumed 45 and 24% of the total consumed diesel fuel respectively (DoS, 2006) . According to Jordan Drivers and Vehicles Licensing Department, 2007, there are 245,949 dieselpowered vehicles representing 34% of total vehicles with 26% increase between 2000 and 2003, which is expected to double in the next 20 years (Fig. 1 ). Of these, 150,611 are registered in the largest city; Amman, the capital. These vehicles include commercial, Agricultural, and Construction Vehicles, and Special Use Vehicles. Diesel-operated passenger vehicles had been covered by tax incentives issued in 1995 by Jordan government. This led to a raise in the rate of switching of old passenger vehicles by new ones. Introducing more diesel-run vehicles will further slow down the growth of energy consumption at least in the transportation sector, which we expect to lead to considerable savings in the national fuel bill but will have harmful magnified health and environmental impacts unless steps are taken to clean up diesel fuel and the vehicles. The contribution of transportation sector reached 14.3% of the GNP for the year 2006; this sector has capacity for 10.5% of the Jordanian labor forces (DoS, 2006) . However, the transportation sector remains the single largest source of air pollution in urban centers, contributing 50-90% of total pollutant emissions (Cooper and Alley, 1996) . In addition to road vehicles, Jordan's petroleum refinery, some industrial facilities and power plants, and nonroad diesel equipment have burned high sulfur fuel and released SO 2 emissions to the air in large quantities (World Resources Institute, 2006) .
In Jordan, there is a lack of ambient air quality studies due to lack of specialists and funds to conduct such studies. Therefore, some data is unavailable. We focus on SO 2 , NO x , PM 10 , and TSP as air pollutants that emanated from vehicles exhaust in urban areas and to some extent emitted from industrial zones that were caused by high sulfur content of used diesel. However, available data have been limited to very few spots as in two stations-Downtown and Shmeisani in Amman, as well as Al-Hashemyeh Township (northeast of Zarqa)-in which the earliest study was started in 1989. These studies concluded that local air is highly polluted, and the concentrations of the various emissions exceed WHO guidelines and National Air Quality Standards (Royal Scientific Society, 2004 ).
This study is the first of its kind that addresses the sulfur issue in diesel and its effect on vehicles emissions and ultimately on air quality. It aims at analyzing the impact of the consumed high-sulfur diesel on urban air quality in Jordan. Investigating the possible approaches and measures to minimizing diesel's high-sulfur content of which ultimately reducing various emission components specifically from diesel-powered vehicles and industry to decreasing the negative impacts on the environment and human health is an additional objective. Strategies of the JPRC in light of Jordanian legislation and the roles of authorities, Governmental Organizations and Nongovernmental Organizations in supporting reduction of sulfur content to sustain good air quality are also analyzed.
Methods and Analysis
The measured data of SO 2 , NO x , PM 10 , and TSP in this manuscript are a compilation of data that was obtained from several sources and different parties including Ministry of Health, Ministry of Environment and Department of Statistics. Between 2002 and , SO 2 concentrations were measured in Al-Hashemyeh Township at the designated sites when were in operation; site #1 (Electrical Training Center), site #2 (Ibn Al-Anbari School), and site #3 (Um Shuraik School, and Elementary School). Moreover, NO x , PM 10 , and TSP concentrations were gathered from a number of monitoring stations around Amman Downtown and Shmeisani areas as well.
Diesel emissions and air quality
Rapid industrialization in the late seventies and the early eighties led to the overlap of industrial and craft areas with residential and commercial areas. This resulted in a general economical blooming, which encourages influx of population migrating from the rural areas and urban fringe to the core city as in search of better quality of life. This blooming, along with the returning of huge Jordanians home in the nineties and reductions in auto customs, has resulted in a clear intensification in diesel-powered vehicles (Drivers and Vehicles Licensing Department, 2007) . Amman suffers from hazardous air pollutants emanated from the high number of high sulfur diesel-powered vehicles and both diesel-operated industry and power plants, which indicate possessing potential of air pollution by SO x , NO x , and PM 10 , and TSP. This problem is obvious in metropolitan areas such as Downtown Amman, residential areas such as Shmiesani, and industrial hot spots such as Al-Hashemyeh northeast of Zarqa.
Sulfur in diesel contributes to the formation of particulate matter such as metal sulfates, which are considered one of the diesel engine's ubiquitous components of urban ambient air pollution (Scheepers and Bos, 1992) . This would emit SO 2 and NO x , which are converted into fine particulate in the ambient air. These particles dissolve easily in water and reacts with water vapor to form dry or wet deposition of particulate matter as acid rain (World Resource Institute, 2006) . Fine particles with an aerodynamic diameter of less than 2.5 micrometers is composed of a mixture of particles emitted directly into the air and particles formed in the air from the chemical transformation of gaseous pollutants (secondary particles) (Ohlstrokm et al., 2000) . Ammonium sulfate and nitrate are principle types of secondary particles. They are formed by the reaction between SO 2 , NO x , NH 3 , and sulfuric acid aerosol, which contribute to suspended particulate matter and gives rise to visibility reduction in Al-Hashemyeh and Downtown Amman areas. Most of these particles are of this type. Although newly built gasoline vehicles are potential NO x emitters, the main sources of SO 2 and NO x are the combustion of diesel fuels in boilers and the mobile sources (Ohlstrokm et al., 2000) .
The release of particulate matter increases with decreasing air-to-fuel ratio, increasing sulfur content with and without a catalyst-based diesel particulate filter (Hare, 1986) , increasing load, and increasing temperature. As in Downtown Amman, where 77.5% of the vehicles are registered, more particulate may be released from older, intensively used engines than from new, low-mileage engines. Cass and Gray (1999) estimated that diesel exhaust has contributed 7% of the fine particulate matter (Ͻ2 m) in the Los Angeles air basin in 1982. This is due to heavy reliance on diesel-powered vehicles where all goods and public buses are powered by diesel.
It was demonstrated that for every 100 ppm reduction in sulfur, there will be a 0.16% reduction in overall PM; mostly PM 10 (Neeft et al., 1996) from light duty vehicles and a 0.87% reduction from heavy-duty vehicles (Asian Development Bank, 2007) . With 1,500 ppm sulfur, 0.18 g of PM 10 is emitted per liter of fuel consumed. Emission reduction technology could be used to control PM. PM filter has better control compared to oxidation catalyst (Bertelsen, 2004) . Typical average emissions (g/kg of fuel) of combustion processes of diesel-powered vehicles are 5-20 NO 2 , 0.5-5 SO 2 , and 1-10 particulate matter. These values depend upon process and diesel specifications (Neeft et al., 1996) . While natural gas emissions are 2-4, 0, and 0 (g/kg of fuel) for NO 2 , SO 2 , and PM, respectively. These vehicles accounted for 75% of vehicle particulate emissions, 100% of excessive smoky vehicles, and 65% of vehicle NO x emissions (Neeft et al., 1996) .
Removing or minimizing sulfur is a key to reducing emissions from burned diesel. In Jordan, diesel has about 9,000 ppm sulfur, which is about three times higher than the Jordanian specifications (JPRC, 2006 ). We expect that this level of sulfur in burned diesel deteriorate the air quality, especially in the heavy traffic areas (Amman) where more than ( of the diesel-powered vehicles exist and about 39% of the national population live as well as other hot spots as AlHashemyeh area at Zarqa Governorate where JPRC and AlHussein Thermal Power Plant are located. (Fig. 2 ). This is due to the gas emissions of Al-Hussein Thermal Power Plant and JPR, which are located downwind of the site. Jordan communities in urban areas suffer from sooty exhaust emitted by trucks, buses, and other diesel-powered emissions that can make breathing difficult, particularly for children, the elderly and other sensitive groups. Downtown Amman where the main passenger transportation station located is dominated by heavy traffic and the area is surrounded by tall buildings.
Environmental impacts of diesel emissions
High 
Role of governmental and nongovernmental organizations and JPRC in lowering sulfur in diesel
Reducing sulfur in diesel to control air pollution is a versatile activity involving many groups of people as producers or those affected by air pollution. An answer for the following question is required "What is the best way to reduce sulfur in diesel and improve air quality for Jordan to meet ambient air quality standards?
The Ministry of Environment, Ministry of Health, Ministry of Interior, Ministry of Energy and Natural Resources and other agencies are currently mandating lower sulfur content in diesel fuel, which is reflected partially on mitigation of air pollution by controlling diesel-powered vehicle emission level and issuing regulations to produce low sulfur diesel (MoEnv and JICA, 2006) . Promoting clean fuel alternatives to diesel and applying some other approaches and actions are additional roles of these agencies. Such actions include conversion of diesel vehicles to Liquefied Natural Gas (LNG) and Compressed Natural Gas ( studies on impacts of diesel-powered vehicles emissions on human health, reduction of exhaust emissions, and increasing public participation and awareness. Moreover, Jordan's agenda regarding diesel emissions covers legislative and regulatory reforms. Jordan has been calling for international investment in restructuring and reforming of the refined products sector. The government and interested agencies, concentrated on environmental improvement in their policy address in 1999, and further stressed the priority of improving the environment in the policy address in 2004. The Interior Ministry Committee, which was tasked to study pollution caused by vehicle exhaust emissions recommended intensification controls on the diesel quality of oil derivatives by inspectors at gas stations and reduction of sulfur in diesel to meet international standards by July 2008, a date coinciding with the termination of the JPRC current concession and the deadline to comply with 350 ppm sulfur content (JPRC, 2006) .
Despite the benefits that will be gained through the complying of the mandate 2004, 195, it is necessary for Jordan through GOs and NGOs to issue a comprehensive environmental protection law that includes a special provision for the protection of the air quality regarding sulfur content in diesel fuel. For further improvements of air quality, a review and update of existing laws and regulations dealing with air pollutants emanated due to high sulfur content in diesel fuel is very urgent in Jordan. Defining the responsible agencies in implementing whatever necessary is a vital step toward acceptable air quality (Hamdi, 2006) . This can be done by planning a strategy to limit the sulfur content of diesel fuel coping with required vehicles technology that are applied in industrial countries and avoiding uncertain human exposure of the diesel emissions. This should be examined in terms of cost and the availability of alternative fuel.
Prior to the war in Iraq, Jordan used to import crude and refined petroleum with very subsidized prices. The war obligated Jordan to pay the world market oil prices, which is weakening the country's economy. Although JPRC saves the country $150 million through its refining activities instead of purchasing oil derivatives from abroad, the government still subsidizes $700 million. This proves that importing low sulfur diesel fuel from abroad is not a wise option (Jordan Times, 2005) .
JPRC monitors the firing process to assure complete combustion, which reduces the impact of diesel emissions such as SO 2 on the environment and to ensure the compliance with national environmental regulatory requirements. It also finances and undertakes studies aimed at monitoring the quality of ambient air in the affected areas. This policy and its effectiveness are reviewed annually by the Company's Environmental Steering Committee. At the international level, the company participated in the Mediterranean Environment Technical Assistance Program, and played an active role in preparing various environmental and energy studies.
Ultimate sulfur level in diesel will be 50 ppm compared to about 9,000 ppm sulfur in current diesel fuel. Considering the high cost of importing refined diesel from the international markets and in order to comply with the government mandate to cleaner diesel fuel meeting both the International and the local Standards by July 2008; JPRC will consist of all units required for low sulfur products, which will cost $160 million as a part of the company's expansion (JPRC, 2006) . JPRC has been urging the Ministry of Environment to review the rule of complying with 350 ppm then 50 ppm sulfur level in diesel, stating that it is unworkable in its current form, and will result in significant shortages of diesel fuel. We believe that a strategic partner is a better choice and a more feasible approach to do so (JPRC, 2006) .
Discussion and Conclusions
Diesel emissions: trends of air pollutants
There are 245,949 diesel-powered vehicles registered in Amman with vehicle ownership rate to the total population is about 7.2% (Drivers and Vehicles Licensing Department, 2007). Diesel-operated buses and large trucks have been increased with time since 2000, which considered a large consumer of diesel fuel along with high traveled mileage (Fig.  3) . Public transportation vehicles and vans and trucks represent 33 and 42.7% of the total diesel-powered vehicles, respectively (Fig. 4) (Drivers and Vehicles Licensing Department, 2007) . Most public transportation vehicles work inside cities, especially Amman, where more than 50% of dieselpowered vehicles circulate. This has been worsening the air quality where very few of them have catalytic converters.
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FIG. 3. Public diesel-powered vehicles in Jordan.
Amman is characterizes by a U-shaped basin with three sides of mountains. This topography can trap fumes over the city due to: stable temperature inversions, wind speed drag with time, and weak dispersion of pollutants emitted from diesel-powered vehicles close to the ground. Average wind speeds has been dropping from 2.63 m/s in year 1977 to 2.32 m/s in year 1999, and the minimum temperatures have been constantly rising from 11.3°C in year 1923 to 13.1°C in year 1999 as a result of global warming (Department of Meteorology, 2007) .
Most of the road kilometers traveled are by diesel-powered vehicles, which emit PM 10 , a pollutant links up to high death and disease rates. PM 10 levels start reaching the worrying levels in the 1990s.
Compared to many developing and developed capitals, Amman's Downtown particulate matter level, as a rough indicator for diesel emissions pollution, is among the highest in the world (Ministry of Health, 2006) . Moreover, the poorest communities frequently exist in locations where serious threats are posed to human health as in Downtown Amman and Al-Hashemyeh, which is downwind of JPRC, and the Al-Hussein Thermal Power Plant. On the other hand, the wealthier districts are located in the western part far from the center of Amman city where relatively negligible air pollution exists. At Downtown, where heavy and slow traffic occur, emitted particles might contain more potential cancer-causing pollutants due to incomplete evaporation and reaction of chemical constituents of diesel fuel components (Argonne National lab, 2007) . In 1995, the highest annual average of PM 10 (248 g/m 3 ) was recorded at Amman Downtown station, which exceeded 120 g/m 3 ; the 24-h National limit. In the same station, as Fig. 5 shows, the PM 10 were beyond the 24-h PM 10 standard through the years 1995 to 2003, which violates the PM 10 annual standard (70 g/m 3 ) in mentioned years.
In the Shmeisani area, the measured PM 10 was above the limits for most of the monitored period. Amman Downtown station had 0% compliance to the National Ambient Air Standards, while the Shmeisani had 33% compliance. In April 2001, the highest annual average of TSP (342 g/m 3 ) was recorded at the Downtown station in February 2002, which exceeded the annual National and WHO Standards. At the Shmeisani station, the highest annual average of TSP was 277 g/m 3 . This variation in measured TSPs is due to the difference between the residential (Shmiesani) and commercial heavy traffic (Downtown Amman) area (Fig. 6) . During the period from 1997 to 2001, TSP surpasses in Downtown Amman were 11-17% while ranging between 3 and 6% at the Shmiesani residential area (Fig. 7) . These TSPs exceeded the annual National standard in 2002 with 14 and 12.5% as a maximum surpassing in both stations, respectively (Ministry of Health, 2006 Fig. 8 .
Based on Environmental Sustainability Index (ESI) air quality index, Jordan's rank is 84 out of 146 countries with an ESI score of 47.8, which indicates low system score, moderate stress, vulnerability, capacity, and stewardship (ESI, 2005) .
Discussion based on Jordan prospective-evaluation of existing practices
Most of the diesel-powered vehicles in Jordan are poorly designed, not new, and run on poor-quality diesel (Fig. 9) . Most of these vehicles do not have catalytic converters or fuel injectors. In general, the older the vehicle, the higher the harmful emission (Drivers and Vehicle Licensing Department, 2007 In poorly designed and maintained engines, organic compounds in emissions may contribute as much as 90% of the total particulate matter, unlike the general contribution, which ranges from 10 to 30% (Abu-Ghazaleh & Co., 2005) . Public transportation vehicles, represent 70% of the total diesel-powered vehicles which consumes the majority of the diesel fuel in the transportation sector. This is due to their high travel mileage of these vehicles compared to the rest of the diesel vehicles.
The Drivers and Vehicle Licensing Department, through its patrols throughout the country, seizes vehicles that emit smoke with opacity of 70% and above from their exhausts.
The owners of these vehicles are given 1 week to fix and improve their vehicle conditions and to address the imbalance which led to the emission of these gases in a rate above the permitted. This is done through examinations by accredited technical inspection stations at the Drivers and Vehicles Li- The Drivers and Vehicle Licensing Department should be supplied with enough equipment to inspect exhaust fumes on a regular basis to reduce the harmful emissions and meet the national standards. Under national traffic legislation for vehicle annual registration, it is illegal to use a vehicle that has not passed specified tests involving the measurement of smoke emissions under a range of power outputs.
The public may play an important role in controlling and reducing vehicular emissions. Developing a comprehensive system of public information on air pollution is vital to the monitoring system of diesel emitted air pollutants such as SO 2 , NO 2 , PM 10 , and TSP. The information should be broadcasted in the desired media and in an easily understood manner. This would encourage the public to reduce emissions of pollutants within their control.
Options and alternatives requirements
Combination of strategies, methods, technologies, new fuels, and solutions for reducing urban diesel's harmful emissions can be proposed for the case of Jordan. The approaches may include enforcing tighter emissions standards, engine rebuilds, hybrid technologies, and alternative fuels (alcohols, natural gas, biodiesel, using hybrid diesel-electric engines, and battery-electrics). Significant reduction of emissions might require a systematic approach; low sulfur diesel, advanced emission controls, and advanced engine design (Bertelsen, 2004) . Although engine manufacturers have reduced emissions substantially by improving engine designs, diesel composition may need to be modified, and emission control devices may need to be added to achieve further reductions. Desulfurization is one method to modify diesel composition.
Desulfurization is a costly technology that can reduce sulfur in diesel to 15 ppm. Desulphurization unit, hydrotreating unit along with hydrogen production amino gas processing units are expected to be added through the expansion of JPRC intented in 2008. For instance, sulfur oxidation costs $1 per barrel, which is less than half the cost of a new highpressure hydrotreater (Levy et al., 2001) . The average consumer cost of reducing sulfur to low or ultralow level ranges between 0.14 and 0.35 cents/liter in the United States and Europe, and 0.85 to 1.15 cents/liter in Asian refineries (Enstrat International Ltd., 2002) . Furthermore, zeolite sorbent can reduce sulfur content in diesel fuel from 430 to Ͻ0.2 ppm by weight (Yang et al., 2003) . Each gram has the ability to clean 34 cm 3 of diesel with estimated cost of $4.4 per kilogram. The ziolite is available in Jordan, and might be obtained and used at a much lower price. Feasibility study to do so is needed (Hamdi, 2006) .
Diesel could be desulfurized from high sulfur levels to less than 10 ppm for around 4 cents/gallon in China (International Council on Clean Transportation, 2003). This confirms that going directly from several thousand ppm to near zero sulfur is more cost effective and provides greater benefits than reducing sulfur in steps. This could be implemented in Jordan by encouraging the refinery for investment that would not be wasted along the way to 10 ppm or less. This resulted in health benefits and associated vehicle emissions control technologies exceeding cost by factor of 2 to 3 times (Walsh, 2004) .
Passing the cost of the transition to low-sulfur diesel fuel to the consumers will be a hard decision to make with the current Jordanian income. However, public funds from government program may help in subsidizing the cost of any upgrades. Otherwise, we expect that the commercial bus companies will resist new regulations in the short term. This will not be a viable commercially until 2012.
Air pollutants emitted at a high rate from heavy-duty diesel engines have been identified as among those imposing the largest health costs. Particulate matter from all sources accounts for more than 90% of the damage costs of automobile air pollution (McCubbin and Delucchi, 1999) .The control technologies responsible for the reduction in large particles achieved with newer diesel engines may worsen small particle formation (Kittleson et al., 1999) . As in the diesel case, PM emissions increase with increasing mileage accumulation, but NO x emissions do not, which presents a challenge for engine designers. Lower PM and NO x emissions from diesels have been achieved simultaneously by reengineering the engines to regulate the fuel and air mixture more precisely (Flynn, 1997) . Diesel quality is an integral part of a complete emission control system for dieselpowered vehicles. Alternative fuel options can produce lower emissions than currently available diesel but at a cost which does not justify their use (Schimek, 2001) .
Although both liquefied petroleum gas (LPG) and compressed natural gas (CNG)-based synthetic diesel clean technology have high infrastructure cost, they generally considered the best candidate solutions of diesel fuel. This is due to their relatively low prices and applicability to most vehicles as well as their effectiveness in reducing PM 10 and NO x emissions. To implement this approach, a natural gas synthetic petroleum refinery is required (Jan Monroe and Li, 2002) which is currently not a valid option to be applied in Jordan due to the high vehicle and facilities cost compared to diesel power plant. LPG should introduce in a phased manner in Jordan. An LPG taxi consumed 0.14 liter per kilo- meter, while diesel taxis consumed 0.11 liter per kilometer (Mok, 2002) . Thus, we propose that Jordanian government should encourage switching to use LNG and CNG vehicles for public transport through lowering or waiving taxes incurred on these types of vehicles. Hybrid vehicles could be also alternative to the these two clean technologies despite of their high cost. Recently, hybrid vehicles have entered the Jordanian market in a very limited number (less than 20 vehicles sold) (Toyota Dealer, 2007, personal communication) . Blending of diesel fuel with oxygenated compounds, including alcohols, significantly reduced NO x and PM emissions from diesel engines up to 84 and 75%, respectively (Ahmed and Marek 1999) . Methanol and butanol-diesel fuel mixture causes a considerable reduction in exhaust emissions of nitric oxides and active hydrocarbon (Hamdan and Jubran, 1986) . Ethanol and methanol cost more than twice as much as diesel fuel per distance traveled (Arcadis, Geraghty, and Miller Inc., 1998) along with experienced high rates of engine failure. However, methanol has both lower emissions and lower fuel costs than ethanol. Ethyl ester as vegetable oil or soybean or cottonseed oil (biodiesel) tends to have low sulfur content. This can substitute oil-based diesel fuel as 50:50 blends to improve burning efficiency and minimize both emitted carbon monoxide and unburned hydrocarbons production than diesel fuel (Al-Widyan et al., 2002) . This approach might be a future choice for Jordan.
Retrofitting is another approach to deal with the exhaust emissions of NO x and PM. For heavy-duty vehicles such as school, transit buses, refuse haulers, pick-ups, and delivery trucks that operate predominantly in urban areas, PM can be controlled using this technique. This approach requires less than 50 ppm sulfur content in diesel fuel for full control effectiveness, which is currently not available in Jordan.
Exhaust emission traps requires ULSD fuel. This fuel enables PM filters and advanced NO x catalyst eliminate 99 and 90% of PM and NOx, respectively, compared to vehicle in the 1960s (Neeft et al., 1996) . Particulate traps were subsequently replaced by oxidation catalysts, which proved more effective, more reliable, and less costly. Currently, this approach is impractical in Jordan due to high sulfur content in diesel, which limits sulfur intercept by SO x absorber. However, reduction of diesel fuel sulfur from 9,000 ppm to 350 ppm will have significant benefits in Jordan. The benefits are PM emissions reduction, minimizing corrosive engine wear, 30-50% longer engine life. Even with 500 ppm sulfur content, selected emission control technology could be applied with the similar above-mentioned potential of emission reduction (Bertelsen, 2004) . This would also help enabling existing engines to be retrofitted with advanced control technology. In Jordan, we believe that sulfur tolerant NO x and PM control methods will be required as long as the sulfur content of diesel fuel remains at or near current level.
Stringent requirements for the diesel engines should also be implemented after complying with 350 ppm maximum sulfur in diesel followed by more advanced stringent emission control requirements that should be applied and achieved by 2012 to enable advanced PM and NO x control technologies, which will ultimately reduce diesel emissions significantly. Without degrading fuel economy in Jordan, both low-sulfur diesel fuel and ultraclean diesel emission control technologies will be available somewhat ahead of the mandated schedule. Currently, no emission control is required in Jordan due to the high sulfur content in diesel. This is due to the fact that the first level of emission control can be applied when sulfur content in diesel is less than 1,000 ppm (Bertelsen, 2004) . It is worth noting that the construction of 393 km pipelines of natural gas transmission system from Egypt to Jordan would help in developing a combined cycle power plant burning natural gas as primary fuel and diesel as secondary fuel to cover the electricity demand (Ministry of Planning, 2005) .
Measures to mitigate the effect of high-sulfur diesel on air quality
Controlling mobile source of emissions is a difficult air quality management problem since vehicles are an integral part of the lifestyle, land use patterns, and economy of this country. To face and control this high emissions and reduce both sulfur content in diesel fuel, and the uncertainty associated with assessing the risks of exposure to diesel exhaust for human health and the ecosystem, the following measures and specific actions are proposed in the studied areas, which include a combination of strategies and wide variety of measures based on three parallel approaches: technological, legislative, and economical ones 1. Enforcing regular emissions test against smoky vehicles and factories especially in the heavy traffic streets and suspected polluted spots, across the country. This could be done by increasing the vehicles check points using exhaust emissions devices and promoting environmentally friendly driving and awareness of proper maintenance of static and mobile diesel burning equipments. 2. Scientific research should be employed investigating both long-and short-term epidemiological impacts of exhaust emissions from diesel-operated engines that are not properly maintained or tuned to human health to determine qualitative and quantitative health effects as a result of diesel emitted pollutants in the ambient air starting in heavy traffic streets and priority areas distinguishing concentrations of diesel particulates in the presence of fine particles from other sources to improve assessments of human exposures to the diesel emissions. This could be done along with supervision on implementation of this legislation for vehicles on the road. 3. Conducting strong mechanisms, comprehensive, and continuous monitoring of SO 2 , NO x , PM 10 , and TSP by increasing number of monitoring stations and enhancing institutional capacity and framework within dieseloperated monitoring and management at Amman heavy traffic spots and in the vicinity of Al-Hussein Thermal Power Plant and JPRC in the Al-Hashemyeh area. 4. Employ mobile-diesel emissions monitoring units on the country's roads creating a legal basis for closing polluted areas to the entrance of polluting vehicles. 5. Set a suitable standards for sulfur content in diesel through adapting new legislations, regulations, and laws for transportation and industry sectors cooperating with international experienced agencies to get help in setting up theses standards to ensure adherence to specifications of diesel fuel. 6. Stop purchasing polluting vehicles through tax and fee disincentives, facilitating the finance of replacing new public buses by the old ones that use the natural gas, LPG, NGC, and biodiesel as a fuel instead of diesel and using diesel/hybrid vehicles by implementing subsidies and tax incentives and integrating pollution emission resulting from diesel exhausts while evaluating tenders for transport services taking into consideration that the average age of public transport buses is about 20 years. Government subsidized taxes on these buses are vital to encourage investments in this sector. Carry out feasibility studies on both utilizing cleaner diesel fuel for vehicles and industrial equipments and on replacing the old public diesel-powered vehicles into natural gas-powered ones. 7. Increasing the green area and vegetative canopy wherever possible and stop depletion and encroaching upon agricultural lands (A Chicago study found that 48.5 ha of canopy cover can absorb up 58 kg of sulfur dioxide, 11 kg of nitrogen dioxide, and 77 kg of particulates per day) (McPherson, 1991) . 8. Adding full desulphurization units to the JPR by finding the optimum way for desulfurization diesel to slash sulfur oxides, nitrous oxides, and fine-particulate emissions from combustion engines and enable technology treatment systems to eliminate or at least minimize all these criteria emissions. 9. Banning diesel-powered vehicles from passing main heavy traffic streets using "odd-even" license plate approach to minimize the number of vehicles circulates in these streets. 10. Increase mechanical performance of the diesel-powered engines during conducting annual tests and frequent maintenance like tuning engine and opening of specialized maintenance garages of diesel-powered engines. 11. An Interministerial committee representing corresponding parties including decision makers, researchers, and the public should be established as soon as possible. This national committee should meet on a regular basis and propose proper and suitable action plan and solutions in the Jordanian context to enforcing the implementation of transition to 350 ppm sulfur complying with the Jordanian standards. 12. Increasing and enhancing public participation in the environmental awareness is an additional step toward achieving our objectives by transferring real-time information through the media, on consumed diesel quality and its effect on air quality levels and broadcasting it to the general public. This can be done by preparing strategies for environmental awareness and establishing airmonitoring networks by institutions of both the public and private sectors in addition to using management options, including a mandatory nondrive day, mandatory inspection, and closing some streets, allowing pedestrians-only along with constructing of tunnels and bridges wherever to help to mitigate the problem, and rewarding employees who do not come to work with diesel-operated vehicle or who use a clean technology one. 13. If the above-mentioned will not be effective during the 2 years of the test period, then we propose to relocate factories from residential areas to industrial areas and persuade residents of densely industrialized areas to relocate to less polluted areas.
Conclusions
Diesel fuel will continue to play vital roles in Jordan's economy in the near future, especially in transportation and industry sectors. Sulfur level in consumed diesel is much higher than most of the Middle Eastern and Gulf countries, which deteriorate air quality at least in the studied areas. This declination in air quality may due to rapid population growth and the consequent increase in the number of diesel vehicles in addition to 64% of theses vehicles were manufactured before 1996, where 60% of vehicles running on diesel have higher vehicular exhausts than allowed by law.
The negative impacts of using high sulfur diesel include rapid industrialization that gradually reaches residential and commercial areas in many places of Jordan that weakens the coordination among concerned institutions and increases the human health risk. But lowering sulfur content in diesel from 9,000 to 350 ppm will avoid reaching threatening stages and have environmental, economical, and technological significant benefits except financing which could be the obstacle. Downtown, Shmeisani, and Al-Hashemyeh Townships have been suffering from high air pollution, which is likely to affect the health of citizens and the environment. Measured SO 2 , NO x , PM 10 , and TSP occasionally exceed the limits set by the Jordanian Ambient Air Quality Standard (JS1140/99). The major sources of air pollution are the dieselpowered vehicles, diesel-powered industry, Jordan Petroleum Refinery and Al-Hussein Thermal Power Station, which variantly affect air pollution levels in the Al-Hashemyeh Township.
Government and authorities with the help of JPRC must begin the process of cleaning their diesel vehicles and other diesel-powered plants and industries in Amman and introduce more stringent emission controls to provide immediate health benefits. This should be done in stepwise approach starting reduction to Ͻ350 ppm by establishing sulfur reduction units followed by issuing a mandate to ban diesel fuel of higher than 50 ppm sulfur content beginning in 2012.
Reducing sulfur levels to Ͻ15 ppm, which is far from achievement in Jordan, will enable the application of the full range of advanced emission control technology to reduce PM and NO x and SO 2 significantly. We should therefore consider that the general availability of such fuel in a time frame consistent with the schedule for phasing in the new standards will be a given, or, conversely, that the new exhaust limits will be delayed if litigation or other circumstances delay the availability of such fuel.
To help sustaining air quality and reduce the adverse impacts to satisfy Jordan's national energy-demand and financial burden on the economy and the environment, the proposed measures and strategies that would minimize the negative impacts of the problem should be implemented. Switching to LPG and CNG in Amman through tax incentives, replacement of old vehicles, introduction to radical traffic management measures along with implementing rigid, self-inspection programs by both public and private sectors of mobile and stationary sources of diesel emissions. Failure to do so, authorities should issue a daily fine until compliance is achieved. The Methodology adopted herein may be a useful in similar situations especially in developing countries such as Syria, Lebanon, Turkey, and Saudi Arabia.
Jordan has the capability to address and overcome such environmental problems. Jordan committed itself to the principles of sustainable development at the Rio Earth Summit in 1992, which resulted in preparing a practical National Agenda Jordan's (21) Agenda. However, removing sulfur from the Jordan's diesel fuel supplies will be a historic environmental victory.
